The Meats Research Unit (MRU) methods, developed by MRU scientists of the U.S. Meat Animal Research Center, have been used to study the prevalence of Escherichia coli O157:H7 in cattle carcass, hide, and fecal samples. The sensitivity of these methods for recovery of injured E. coli O157:H7 cells from inoculated and uninoculated samples was determined, and potential improvements to these methods were evaluated. When using the conventional MRU methods, 91% of the preevisceration carcass samples tested positive for E. coli O157:H7 when inoculated with 5 to 10 CFU, 100% of hide samples tested positive for E. coli O157:H7 when inoculated with 30 to 50 CFU, and 96% of the fecal samples produced positive results when inoculated with 300 to 400 CFU per 10 g. The addition of a phosphate buffer to the tryptic soy broth enrichment improved recovery of E. coli O157:H7 from feces. Using the modified enrichment, 92% of the samples were identified as positive when inoculated with 10 to 30 CFU per 10 g. Substituting a commercially available wash buffer for the phosphatebuffered saline (PBS) plus Tween 20 wash buffer during immunomagnetic separation of hide samples improved recovery of the target organism at lower inoculum concentrations. When comparing uninoculated samples, substituting a PBS buffer plus a zwitterionic detergent for PBS plus Tween 20 also had a positive effect on recovery of E. coli O157:H7 from hide samples. Data presented here indicate that the MRU methods are highly effective at recovering injured E. coli O157:H7 from fecal, hide, and beef carcass samples; however, modifications can be added to increase the sensitivity.
. However, the sensitivity of these and other methods for recovery of E. coli O157:H7 from beef processing samples has not been reported. The sensitivity of the methods used to recover E. coli O157:H7 can greatly affect the apparent prevalence of the organism (5, 10, 12) . In this study, the sensitivity of the MRU methods for recovery of E. coli O157:H7 from cattle fecal, hide, and carcass samples was determined and modifications to improve sensitivity were evaluated.
MATERIALS AND METHODS
Bacterial strains. To distinguish inoculated cells from those that might be naturally occurring, E. coli O157:H7 strains used for inoculation were marked by inserting the gene coding for green fluorescent protein (gfp uv ) into the chromosome. E. coli O157:H7 strains were selected from a collection of isolates recovered at beef packing plants (11) . The strains were selected on the basis of differing genotypes, one strain each from previously designated subtypes 1d, 6d, 23b, 39c, and 46b (4) . Four of the five strains were successfully marked by insertion of the gfp uv gene at the srlA locus on the chromosome. The srlA locus was chosen because it naturally contains a mutation rendering it nonfunctional in most E. coli O157:H7 strains. The fifth strain was not successfully marked and was used only in experiments measuring method sensitivity for fecal samples, in which an uninoculated aliquot of each fecal sample was tested to ensure that the samples were negative for E. coli O157:H7.
To prepare injured cell cultures, marked E. coli O157:H7 strains were grown overnight on Luria-Bertani agar (LB agar; Dif-co, Becton Dickinson, Sparks, Md.) at 37ЊC. Following overnight growth, the cultures were mixed with buffered peptone water (BPW; Difco, Becton Dickinson) to achieve an optical density at 600 nm of 0.20, resulting in approximately 2 ϫ 10 8 CFU/ml. These cultures were serially diluted in BPW, and the dilutions were stored as 50% glycerol stocks at Ϫ70ЊC. Prior to sample inoculation, cultures were thawed on ice and then held at room temperature for approximately 30 min. Inoculum concentrations were determined on the basis of colonies formed on LB agar. The number of injured cells was established by determining the percentage of cells that formed colonies on LB agar but not on sorbitol MacConkey agar (Difco, Becton Dickinson) supplemented with cefixime and tellurite (ctSMAC; Dynal, Lake Success, N.Y.).
Inoculation. When inoculated samples were required, samples were inoculated with known concentrations of injured cells and held at room temperature for 10 to 30 min prior to the addition of enrichment broth. Marked strains were used for inoculation to ensure that results were not influenced by natural sample flora.
Construction of marked strains. All PCRs were performed in thermal cyclers (MJ Research, Inc., Watertown, Mass.) using HotStarTaq (Qiagen, Valencia, Calif.). The buffer provided by the manufacturer was used without additional MgCl 2 . Unless otherwise noted, the amplification conditions were 94ЊC for 15 min, then 30 cycles of denaturing at 94ЊC for 30 s, annealing for 30 s, and elongation at 72ЊC for 30 s, and a final elongation step at 72ЊC for 10 min. The srlA 5Ј and 3Ј regions were amplified from E. coli O157:H7 strain 43895 (American Type Culture Collection, Manassas, Va.). The srlA 5Ј region was amplified using 400-nM primers srlA5Јfor (5Ј-TTAAGCTTGCGGCCGCAACCAGGGG CAAGTATGGTAAAGC) and srlA5Јrev (GCCCTTTTGGAA CAGCCCGATAAACCACTCTGCACCATG) and an annealing temperature of 67ЊC. The srlA 3Ј region was amplified using 400-nM primers srlA3Јfor (TTGAATTCAGGAGCAACATCATGA CGCATATTCGGATCG) and srlA3Јrev (TTACTAGTGC GGCCGCCAGAGACATAAATATCTTCCAC) and an annealing temperature of 53ЊC. The gfp uv gene was amplified from plasmid pGFPuv (P. Fratamico, Eastern Regional Research Center, ARS, USDA, Wyndmoor, Pa.) using 600-nM primers srlAgfpfor (TCGGGCTGTTCCAAAAGGGCATGAGTAAAGGAGAA GAACTTTTCAC) and srlAgfprev (GATGTTGCTCCTGAATT CAACGCTCAGTTGGAATTCATTATTTGTAG), an annealing temperature of 62ЊC, and a 90-s elongation step. All three PCR products were purified using Qiaquick spin columns (Qiagen), and the purified srlA5Ј and srlA3Ј fragments were diluted 1:100.
The primers used to amplify the gfp uv gene complemented the primers used to amplify the 3Ј end of the srlA5Ј region and the 5Ј end of the srlA3Ј region. Overlapping PCR was then performed to amplify a fragment consisting of the srlA5Ј region plus the gfp uv gene plus the srlA3Ј region. The amplification reaction included the srlA5Јfor and srlA3Јrev primers at 400 nM and 1 l each of the three PCR products. The annealing temperature was 52ЊC, and the elongation step was extended to 2 min. The resulting 1.4-kb PCR product was cloned into pGEM-T (Promega Corp., Madison, Wis.) using the pGEM-T ligation kit according to the manufacturer's instructions. The ligation reaction was transformed into High Competency JM109 cells (Promega). White colonies were screened by PCR for the presence of the appropriate insert.
The insert of the srlA5Ј region plus gfp uv gene plus srlA3Ј region was subsequently removed from the pGEM-T vector by NotI digestion and subcloned into the suicide vector pKO3 (13) using standard techniques (13, 14) . The resulting plasmid, pGG69, was transformed into the chosen E. coli O157:H7 strains, and double crossover events were selected as previously described (13) . Although the cells did not fluoresce, the gfp uv marker gene was detectable by PCR.
Sensitivity. When method sensitivity was to be determined, samples were inoculated with known concentrations of marked cells, and enrichment and detection procedures were carried out as described.
Fecal samples. For determination of sensitivity, fresh cattle fecal samples were recovered at a local feedlot, mixed, and divided into 10-g aliquots. The samples were inoculated with various concentrations (Յ5 to Ͼ500 CFU per sample) of marked cells, and enrichment and detection procedures were carried out as previously described (5) . The number of samples was recorded for each inoculation concentration in which E. coli O157:H7 was detected. The addition of a phosphate buffer to the enrichment medium as a potential method improvement was evaluated for sensitivity of detection of E. coli O157:H7 using inoculated samples in the same manner as the standard enrichment.
The previously described MRU method and the modified phosphate buffer method also were compared for sensitivity of detection of E. coli O157:H7 using uninoculated samples. One hundred individual fecal samples were collected, and then each sample was homogenized by hand massaging. Two 10-g aliquots were removed for analysis using the previously described MRU method or using tryptic soy broth (TSB, Difco, Becton Dickinson) with phosphate buffer (TSB-PO 4 ) (5), which consisted of 30 g of TSB, 2.31 g of KH 2 PO 4 , and 12.54 g of K 2 HPO 4 per liter of solution. The amounts and ratio of the phosphate buffer components were derived from Terrific Broth (14) . For enrichment, 90 ml of either TSB or TSB-PO 4 were added to each 10-g fecal sample. All enrichments were incubated at 25ЊC for 2 h and then at 42ЊC for 6 h and stored at 4ЊC overnight as previously described (5) . Unless otherwise indicated, samples were processed by immunomagnetic separation (IMS) and plating as previously described (5).
Hide and carcass samples. For determination of sensitivity, samples were obtained from cattle hides and pre-evisceration carcasses at large commercial packing plants as described previously for the MRU methods (3, 5) and then transported to the laboratory on ice. The samples were inoculated with various concentrations (Յ5 to Ͼ10 to 30 CFU per sample for carcasses and Յ5 to Ͼ50 CFU per sample for hides) of marked cells, and enrichment and detection procedures were carried out as described. The number of samples was recorded for each inoculation concentration in which E. coli O157:H7 was detected.
Two additional wash conditions for the IMS beads also were tested in an attempt to lower the amount of background flora on the agar plates. First, 9 mM 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS; Sigma-Aldrich, St. Louis, Mo.) prepared in phosphate-buffered saline (PBS) was tested using uninoculated hide samples. Twenty microliters of IMS beads was added to 600 l of PBS-CHAPS buffer and mixed on a roller drum for 10 min. One milliliter of sample enrichment was then added to the beads-PBS-CHAPS. The samples were mixed, incubated, and processed as previously described, substituting PBS-CHAPS for PBS-Tween 20 buffer (5). For these experiments, the same enrichments also were evaluated by the standard MRU method.
Second, a commercially available IMS buffer (ImmTech, New Windsor, Md.) was tested as a wash buffer. Two hundred fifty microliters of IMS buffer was mixed with 20 l of IMS beads for 10 min on a roller drum, and then 1 ml of enrichment culture was added. The sample, beads, and wash buffer then were mixed on the roller for an additional 30 min. IMS proceeded as previously described (5), except 0.5ϫ IMS buffer (diluted in sterile distilled, deionized water) was substituted for the PBS-Tween 20 wash buffer.
In both procedures (IMS buffer and PBS-CHAPS), the beads were resuspended after washing in 100 l of PBS and plated onto ctSMAC and Rainbow agar (Biolog, Inc., Hayward, Calif.) supplemented with novobiocin and tellurite as previously described (5). Up to three positive colonies were selected per plate for confirmation. Colony identity for inoculated samples was confirmed by PCR assay for the gfp uv gene. When plates were crowded with growth or were derived from uninoculated samples, colonies were screened by DrySpot O157 (Oxoid, Inc., Ogdensburg, N.Y.). For uninoculated samples, suspected E. coli O157:H7 colonies were identified as previously described (1).
Statistical analyses. The 95% confidence intervals and P values were calculated with PEPI software (version 2; USD, Inc., Stone Mountain, Ga.).
RESULTS AND DISCUSSION
Sensitive methods are needed to determine the prevalence of E. coli O157:H7 in fecal, hide, and carcass samples recovered during beef processing. However, the cells present in these samples may be injured and, therefore, difficult to grow and detect. The MRU methods were designed to allow for recovery of injured cells. Therefore, we chose to test the sensitivity of the MRU methods for recovery of injured cells to represent the worst-case scenario. On average, 44% of the E. coli O157:H7 cells used in this study were injured from freezing and thawing (data not shown).
Beef carcasses can become contaminated with E. coli O157:H7 during early processing steps. Survival of such bacteria through antimicrobial interventions leads to contamination of the finished carcass and the subsequent product (3, 4, 11) . When beef carcass samples were inoculated with 5 to 10 E. coli O157:H7 cells, the MRU method identified 91% of the samples as positive (42 of 46; Table 1 ). At least 80% of the samples tested positive for E. coli O157:H7 when inoculated with five or fewer E. coli O157: H7 cells. At such low inoculum concentrations, some of the samples probably did not receive any cells, so the real ability of the MRU method to detect low concentrations of E. coli O157:H7 may be higher. Cattle hides are a significant source of E. coli O157: H7 on beef carcasses (3, 15) . Using the MRU method, this organism was recovered from 100% of cattle hide samples inoculated with 30 to 50 CFU (Table 2 ). However, sporadic large amounts of background growth on the plates made it difficult to locate positive colonies. Additional wash buffers were evaluated for reducing nonspecific binding to the IMS beads and hence reducing background flora on plates without decreasing the number of positive colonies. One concern was that if some samples had few cells per milliliter of enrichment prior to IMS then those cells might be lost during washing with the new detergents and samples would be incorrectly scored as negative. One of the most effective washes tested was the commercially available IMS buffer used at half strength. This buffer appeared to lower the number of colonies of background bacteria without reducing the number of positive target colonies (data not shown). When 0.5ϫ IMS buffer was substituted for the standard PBS-Tween 20 wash buffer, significantly more hide samples were identified as positive when inoculated with five or fewer CFU (P Ͻ 0.05; Table 2 ). However, when hide samples were inoculated with 30 to 50 CFU, the opposite effect was seen (P ϭ 0.002). These conflicting data probably reflect the small number of samples analyzed and the variability among hide samples.
Preliminary data also suggest that a PBS-CHAPS buffer effectively reduced background growth on plates, although the number of positive colonies also was lower (data not shown). The PBS-CHAPS wash buffer and the IMS wash buffer were tested for recovery of E. coli O157:H7 a ND, not determined. b A total of 550 samples were analyzed using the standard PBSTween 20 wash buffer and the PBS-CHAPS wash buffer methods, but only 300 samples were analyzed using the IMS wash buffer method. from uninoculated samples (Table 3) . On six of eight separate occasions, PBS-CHAPS permitted identification of more positive samples than did the standard MRU method. Overall, the PBS-CHAPS wash buffer was significantly better than the standard PBS-Tween 20 wash buffer with the MRU method (P Ͻ 0.001). By comparison, the IMS wash buffer was slightly but not significantly more effective (P Ͼ 0.05) than PBS-CHAPS (72.6 versus 66.3%, respectively).
Feces also are a source of beef carcass contamination with E. coli O157:H7 (3, 6, 8, 9, 11) . The method used by Elder et al. (11) was more sensitive than other methods for recovery of E. coli O157:H7 from feces (12) . However, the actual sensitivity of this method has not been reported. In one study, the MRU method was at least as sensitive as the Elder et al. method (5) . In the present study, 96% of fecal samples inoculated with 300 to 400 CFU per sample (30 to 40 CFU/g) were identified as positive using the MRU method (Table 4 ). This level of sensitivity suggested poor growth of the target organism in the enrichment. Preliminary data suggest that the pH of the TSB fecal enrichments used in the MRU method dropped rapidly, possibly slowing growth of the E. coli O157:H7 (data not shown).
Omisakin et al. (16) suggested that 61% of cattle carrying E. coli O157:H7 shed the organism at Ͻ100 CFU/g. The MRU method may not be sufficiently sensitive to recover E. coli O157:H7 from these samples consistently. To improve recovery of E. coli O157:H7 by the MRU method, a phosphate buffering system was added to the TSB enrichment (TSB-PO 4 ). The additional phosphate buffer appeared to improve recovery of E. coli O157:H7 substantially. At an inoculum concentration of 10 to 30 CFU per sample (1 to 3 CFU/g), 39% (20 of 52) of the samples were identified as positive for E. coli O157:H7 using the standard MRU method with TSB, whereas 92% (33 of 36) of the samples were identified as positive using the TSB-PO 4 method ( Table 4) .
A comparison of the enrichments also was performed with split uninoculated fecal samples. The MRU method recovered E. coli O157:H7 from 26 of 100 samples. By incorporating the TSB-PO 4 enrichment, a slightly higher number of fecal samples (P ϭ 0.07) was determined to be positive (39 of 100; P Ͻ 0.1). Therefore, TSB-PO 4 offers an improvement over TSB alone for recovery of E. coli O157:H7 from cattle fecal samples.
Data presented here indicate that the MRU method is highly effective at recovering injured E. coli O157:H7 from beef carcass samples. The MRU method also is effective for recovery of E. coli O157:H7 from hide samples; however, incorporation of IMS buffer or PBS-CHAPS as the IMS wash buffer improves the ability to correctly identify positive samples (when interference by background micro-flora is expected). The MRU method for recovering E. coli O157:H7 from feces is substantially improved by the incorporation of a phosphate buffer in the TSB enrichment broth.
